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thors are suggesting that the level of cytoplasmic H1.2
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could provide the cell with a means of measuring the 2783.
scale of certain forms of DNA damage.
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Viewed from this perspective, H1.2 may be acting in den, K.H. (2003). Cancer Cell 3, 577–587.
a manner analogous to that recently suggested for the
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ribosomal protein L11, which has the potential to acti-
Spencer, V.A., and Davie, J.R. (1999). Gene 240, 1–12.vate p53 in response to ribosomal stress (Lohrum et al.,
Zhang, Y., Wolf, G.W., Bhat, K., Jin, A., Allio, T., Burkhart, W.A., and2003; Zhang et al., 2003). It has been proposed that
Xiong, Y. (2003). Mol. Cell. Biol., in press.perturbations of normal ribosome assembly lead to the
release of free L11 which then binds MDM2 and inhibits
p53 degradation. Although the circumstances under
which this response is triggered are unclear, it appears
that specific functional or structural components of cel-
Amino Acids and the Humorallular organelles are also sometimes capable of acting
as effectors of apoptosis or stress signaling. Perhaps Regulation of Growth:
this strategy enables cells to mount appropriate biologi- Fat Bodies Use Slimfast
cal responses to the widest range of adverse conditions.
Interestingly, recent studies provide evidence that his-
tones can also be important for the faithful repair of
damaged chromosomes. Mice deficient for H2AX exhibit
The mechanisms by which animals coordinate the
defects in the efficiency and/or fidelity of DNA double
growth of different tissues in response to nutrient lev-strand break repair which, in the absence of p53 func-
els is poorly understood. In this issue of Cell, Colum-tion, leads to massive genetic instability and a dramati-
bani et al. demonstrate that amino acid-responsivecally increased incidence of cancer (Bassing et al., 2003;
TOR signaling in the Drosophila fat body modulatesCeleste et al., 2003). The two responses to DNA
insulin signaling and growth in peripheral tissues.damage—repair or death—seem almost diametrically
opposed, but both are likely to contribute to the inhibi-
The ability to sense and respond to nutrients is vitaltion of tumor development. H2AX has already been
during development. Yeast cells monitor the levels ofshown to exhibit the properties of a tumor suppressor
amino acids and other nutrients via the protein kinaseand, although H1.2-deficient mice are developmentally
TOR and alter their growth accordingly. This cell-basednormal (Fan et al., 2001), it will be interesting to deter-
nutrient-sensing mechanism has been retained throughmine whether these mice show any similar predisposi-
evolution. For example, if cultured mammalian cells aretion to cancer.
transferred to amino acid-free medium, they immedi-An emerging theme therefore is that at least some
ately suppress TOR signaling and protein synthesis.supposedly workaday components of the cell actually
However, multicellular organisms also need to organizeplay a vital role in monitoring and signaling various forms
of damage and abnormalities in partnership with profes- their growth globally via humoral mechanisms so that
sionals like p53. The evolution of this strategy certainly their component tissues can grow to the required overall
makes sense—who better to detect a crack in the mine size and shape. In an article published in this issue of
than the workers at the pit face? Like Superman, maybe Cell, Pierre Le´opold and colleagues report that in addi-
many unassuming housekeeping proteins lead secret tion to sensing nutrients and controlling growth in indi-
lives as guardians of cellular life and death. vidual cells, Drosophila TOR (dTOR) can influence pe-
ripheral tissue growth via a humoral mechanism
(Columbani et al., 2003).David A.F. Gillespie1,2 and Karen H. Vousden1
The larvae of the fruit fly Drosophila have been used1Beatson Institute for Cancer Research
extensively to study growth regulation. The bulk of theGarscube Estate
Drosophila larva is made up of endoreplicating tissuesSwitchback Road
(ERTs) that are histolyzed during the pupal phase toGlasgow G61 1BD
support metamorphosis. During metamorphosis, mitoticUnited Kingdom
tissues known as imaginal discs are reorganized into2 Institute of Biomedical and Life Sciences
the adult fly. The Drosophila insulin signaling pathwayUniversity of Glasgow
Glasgow G12 8QQ has been shown to promote growth in both these tis-
United Kingdom sue types.
One ERT that is particularly sensitive to nutrients is
Selected Reading the fat body. This tissue alters its morphology dramati-
cally in response to amino acid starvation (Britton andBassing, C.H., Suh, H., Ferguson, D.O., Chua, K.F., Manis, J., Ecker-
Edgar, 1998). Several earlier observations have sug-sdorff, M., Gleason, M., Bronson, R., Lee, C., and Alt, F.W. (2003).
Cell 114, 359–370. gested that the fat body can modulate the growth of
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other tissues and may do so according to nutrient levels.
First, to achieve maximal imaginal disc growth in culture,
the medium has to be preconditioned with larval fat
body (Davis and Shearn, 1977). Second, quiescent larval
neuroblasts will reinitiate DNA replication only when cul-
tured with fat body from fed larvae (Britton and Edgar,
1998). Third, larvae lacking minidiscs, which encodes
a fat body-specific amino acid transporter, have small
imaginal discs, yet these discs can attain nearly normal
sizes if transplanted into wild-type hosts (Martin et al.,
2000).
The new experiments described by Columbani et al.
reinforce the idea that the fat body can act as a nutrient
sensor that influences the growth of other tissues. They
show that inhibiting the expression of a cationic amino
acid transporter called slimfast specifically in the fat
body causes a systemic larval growth defect: fat body
Figure 1. A Working Model for the Nutritional Control of Larvalmorphology is altered and the ERTs (including the fat
Growthbody) are reduced in size. In contrast, the growth of the
In fed larvae, high circulating carbohydrate levels induce the mNSCsmitotic imaginal discs is less impaired (Columbani et
to secrete Dilps and activate insulin signaling (IS), and high circulat-al., 2003). These effects are strikingly similar to those
ing amino acid levels promote TOR signaling in all tissues, priming
induced by amino acid starvation or global mutation of them for growth. High concentrations of amino acids in the fat body
dTOR. However, they are generated by impairing amino induce the secretion of dALS, which binds and stabilizes the Dilps,
acid uptake and lowering cellular amino acid levels only thereby increasing insulin signaling and growth in the peripheral
tissues. The discs themselves can also express a Dilp, which mightin the fat body.
explain the relative insensitivity of their growth to amino acid star-To examine how the fat body might sense lowered
vation.amino acid levels, the researchers focused on TOR sig-
naling. Inhibiting TOR signaling in the fat body mimicked
the effects of fat body-targeted slimfast inhibition. Over- 2001). Nevertheless, the Dilps do act systemically to
expressing a dTOR target counteracted the effects of promote growth in a nutrient-dependent manner. Ablat-
fat body-targeted slimfast inhibition. So, reducing amino
ing seven Dilp-producing median neurosecretory cells
acid uptake or TOR signaling in the fat body can inhibit
(mNSCs) in the larval brain suppresses global larval
the growth of peripheral tissues. This might be because
growth (Ikeya et al., 2002; Rulifson et al., 2002). More-
reduced TOR signaling in the fat body reduces the pro-
over, the transcription of some Dilps is dependent on
duction of a growth-promoting signal directly. Alterna-
carbohydrate levels (Brogiolo et al., 2001; Columbani et
tively, reduced TOR signaling might impair fat body
al., 2003).growth and hence signal production indirectly. The re-
Though the fat body doesn’t express Dilps, it doessearchers show that inhibiting insulin signaling in the
produce a signal that influences insulin signaling in thefat body can impair fat body growth more than inhibiting
peripheral tissues. How might this work? One possibilityslimfast, but that it does not necessarily cause a sys-
is that the fat body signal enhances Dilp production intemic growth defect (Columbani et al., 2003). This obser-
the mNSCs. However, Dilp transcription is only mini-vation suggests that the effect of TOR on signal produc-
mally reduced by amino acid starvation or inhibition oftion is likely to be direct rather than indirect.
slimfast in the fat body. It is worth noting that theseHow is the growth of other tissues modulated by the
interventions may still influence Dilp translation, cleav-fat body amino acid sensor? The researchers examined
age, or secretion. Another possibility is that the fat bodywhether the fat body sensor might exert its effect on
produces a nutrient-dependent signal that promotesgrowth via insulin signaling. They used a fluorescent
Dilp action after secretion, and Columbani et al. havereporter (Britton et al., 2002) to demonstrate that reduc-
identified a molecule that could do just this. The mam-ing amino acid uptake in the fat body resulted in a strong
malian glycoprotein acid-labile subunit (ALS) binds toreduction in insulin signaling in other ERTs. They ob-
an insulin-like growth factor as part of a ternary complex,served less, if any, impact on insulin signaling in imaginal
thus extending the ligand’s half-life (Boisclair et al.,discs, which is consistent with the relative insensitivity
2001). Drosophila ALS (dALS) may have a similar effectof the growth of these tissues to amino acid starvation.
on Dilps. dALS is expressed at high levels in the fatIntriguingly, they saw that inhibiting amino acid uptake
body, and its expression is strikingly suppressed byin the fat body had only a minimal effect on insulin
amino acid starvation or by inhibition of slimfast in the fatsignaling in the fat body itself. Perhaps the fat body is
body. It will be interesting to see whether TOR signalinginsensitive to the signal it produces, a smart way of
modulates dALS expression and whether fat body-spe-protecting the nutrient sensor so that it can reinitiate
cific overexpression of dALS can counteract the reduc-peripheral tissue growth should external conditions
tion in larval growth caused by slimfast inhibition orchange.
amino acid deprivation.The observed reductions in insulin signaling suggest
A working model for the nutritional control of larvalthat the fat body-derived growth-promoting signal might
growth is presented in Figure 1. Although pleasing, thebe an insulin homolog. However, in situ hybridizations
model may be too simplistic as there is still much to behave revealed that the Drosophila insulin-like peptides
(Dilps) are not expressed in the fat body (Brogiolo et al., learnt about the complex interplay between nutrition
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and growth. For example, nutrition can also influence of stem cells in the adult heart and their capacity for
functional repair after injury.growth indirectly by affecting behavior: abnormally high
levels of amino acids in the fat body can negatively feed
back on larval feeding and reduce growth (Zinke et al., While newts and zebrafish can regenerate their hearts,
1999). The data discussed here show that low levels of humans (and most mammals) cannot. For this reason,
fat body amino acids also reduce growth. Future re- myocardial infarctions produce permanent loss of car-
search will no doubt determine whether it is intermediate diac muscle mass and function. One clear-cut remedy
amino acid levels that are needed to promote larval to this problem would be to stimulate the heart to make
growth without inhibiting larval feeding. For the moment new cells by inducing the existing cardiac cells to divide.
though, this paper takes us much closer to a molecular There is one mouse strain (MRL) that appears to be able
understanding the humoral control of growth in flies. It to carry out some cardiac regeneration in response to
establishes the fat body as an amino acid sensor, which injury, and much research is aimed at the genes respon-
uses TOR signaling to generate a humoral signal that sible for this ability (Leferovich et al., 2001). Thus far, it
influences insulin signaling and growth in other tissues. appears that at least six genes contribute to this
multigenic trait. There have been reports of dividing car-
diac myocytes in the adult hearts of a number of mam-Gemma L. Bradley1 and Sally J. Leevers2
mals, but their number and physiological relevance are1BioMed Central, Middlesex House
still debated. However, despite the existence of dividing34-42 Cleveland Street
myocytes, attempts to induce such proliferation geneti-London W1T 4LB
cally, pharmacologically, or surgically have been met2 Growth Regulation Laboratory
with largely disappointing results. None of these stimuliCancer Research UK London Research Institute
has activated myocyte proliferation that is substantiveP.O. Box 123
enough to make a functional difference. A second poten-44 Lincoln’s Inn Fields
tial remedy for myocardial cell loss would be to stimulateLondon WC2A 3PX
stem cells to participate in the formation of new cardiacUnited Kingdom
muscle tissue. The pluripotency of embryonic stem (ES)
cells is no longer a point of debate, but the restrictedSelected Reading
use of human ES cells in the United States makes them
Boisclair, Y.R., Rhoads, R.P., Ueki, I., Wang, J., and Ooi, G.T. (2001). currently impractical for widespread experimentation
J. Endocrinol. 170, 63–70. and ultimate clinical use. Human ES cells have been
Britton, J.S., and Edgar, B.A. (1998). Development 125, 2149–2158. shown to differentiate into cardiac myocytes when co-
Britton, J.S., Lockwood, W.K., Li, L., Cohen, S.M., and Edgar, B.A. cultured with visceral endoderm-like cells (Mummery et
(2002). Dev. Cell 2, 239–249. al., 2003). Therefore, there is still great potential for ES
Brogiolo, W., Stocker, H., Ikeya, T., Rintelen, F., Fernandez, R., and cells, but other options are needed.
Hafen, E. (2001). Curr. Biol. 11, 213–221. Over the past few years, reports describing the appar-
Columbani, J., Raisin, S., Pantalacci, S., Radimerski, T., Montagne, ent ability of bone marrow cells to populate many tissues
J., and Le´opold, P. (2003). Cell 114, this issue, 739–749.
and differentiate into host cell types (e.g., Krause et al.,
Davis, K.T., and Shearn, A. (1977). Science 196, 438–440. 2001) have generated strong interest in the potential
Ikeya, T., Galic, M., Belawat, P., Nairz, K., and Hafen, E. (2002). Curr. of adult stem cells. However, substantial controversy
Biol. 12, 1293–1300.
surrounds these findings, and also the issue of whether
Martin, J.F., Hersperger, E., Simcox, A., and Shearn, A. (2000). Mech. this could occur in the heart and whether function would
Dev. 92, 155–167.
be affected. Experimental animal studies have provided
Rulifson, E.J., Kim, S.K., and Nusse, R. (2002). Science 296, 1118–
evidence that adult stem cells can participate in the1120.
formation of new cardiac tissue, particularly in injuries.Zinke, I., Kirchner, C., Chao, L.C., Tetzlaff, M.T., and Pankratz, M.J.
In several studies, cells were isolated from bone marrow(1999). Development 126, 5275–5284.
based on cell surface antigen expression (Lin, cKit)
and injected into the hearts of mice that had been sub-
jected to a myocardial infarction (Jackson et al., 2001;
Orlic et al., 2001a). These cells formed new cardiac tis-
sue and functional improvement ensued. Given the inva-
sive nature of cardiac injection, other groups subse-Hope for a Broken Heart?
quently showed that bone marrow-derived cells could
home to an injured heart and that this process could be
stimulated by growth factor treatment (stem cell factor
and granulocyte-colony stimulating factor) (Orlic et al.,Heated debate has surrounded the issue of whether
adult stem cells can differentiate into cardiac myo- 2001b).
Are any of these observations relevant to humans?cytes and contribute to the function of the heart. In
this issue of Cell, Beltrami et al. (2003) demonstrate The approach used to investigate this question was to
examine hearts transplanted from human females intostem cells in the adult rat heart that differentiate into
cardiac myocytes in vitro and, when injected into the males for cardiac myocytes with a Y chromosome. The
reasoning was that any such cell would have to be de-adult rat heart, can reconstitute the injured myocar-
dium and improve function. These findings should rived from a circulating stem cell or from a transdifferen-
tiation event from a circulating cell of the transplantweigh heavily in future debates about the existence
